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Effects of Hydrogen on the Critical Conditions for Dynamic
Recrystallization of Titanium Alloy During Hot Deformation
JINGWEI ZHAO, HUA DING, ZHENGYI JIANG, DONGBIN WEI,
and KEZHI LINGHU
Hot deformation tests were performed to study the flow behavior and microstructural evolution
of a Ti600 titanium alloy with different hydrogen contents. The effects of hydrogen on the
critical conditions for the initiation of dynamic recrystallization (DRX) were investigated. The
DRX kinetics models of hydrogenated Ti600 alloy were developed, and the DRX volume
fractions were quantified under different deformation conditions. The results indicate that the
addition of proper hydrogen (no greater than 0.3 pct) benefits the decrease of both the critical
stress and critical strain for the initiation of DRX. The critical stress and critical strain are
dependent linearly on the peak stress and the strain to peak stress, respectively. The strain range
from the initiation to the completion of DRX increases gradually with hydrogen in the
hydrogen range of 0 to 0.3 pct, and a slightly decreased strain range is observed at the hydrogen
content of 0.5 pct relative to that of 0.3 pct. The addition of large amounts of hydrogen (0.3 pct
or greater) in Ti600 alloy induces incomplete DRX during hot deformation.
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I. INTRODUCTION
THERMOHYDROGEN treatment (THT) is a spe-
cial processing technology in which hydrogen is used as
a temporary alloying element in titanium alloys with the
purpose of improving their hot workability.[1] In this
approach, hydrogen is at first added into titanium alloys
through different procedures and then, removed by
vacuum annealing to be a safety level after hot work-
ing.[2] Senkov and Jonas[3] studied the hot deformation
behavior of titanium-hydrogen alloys in air over the
temperature range from 773 K to 1273 K (500 C to
1000 C) within the a, (a+ b) and b phases fields, and
found that hydrogen could be retained at temperatures
up to 1253 K (980 C) due to the formation of an
oxidised film on the specimen surface. Our previous
study indicated that hydrogen could be kept in titanium
alloy in air even though the temperature was raised up
to 1373 K (1100 C).[4] Hydrogen alloying is, therefore,
effective in titanium alloys within a wide range of
temperatures, and a multitude of investigations has
indicated that the addition of proper hydrogen can
significantly reduce the flow stress and enhance the
plasticity of a,[5] near-a,[6,7] and (a+ b)[8] titanium alloys
during hot deformation.
Ti600 alloy is a recently developed near-a high-
temperature titanium alloy which can serve stably at
temperatures up to 873 K (600 C) due to its excellent
creep performance, high tensile strength, and super
fatigue resistance at the service temperature.[9] Ti600
alloy is particularly suitable for the manufacture of
aerofoil blades and disks in the aviation and aerospace
industries. From the perspective of industrial produc-
tion, hot deformation is a very important operation
employed to modify the required final microstructure
and mechanical properties of Ti600 alloy. Due to the
high resistance of deformation and narrow range of
deformation temperature, however, it is more difficult to
deform Ti600 alloy relative to other metals using
conventional hot working processes.[10] Interestingly,
THT provides an alternative approach to effectively
overcome such a problem. The use of hydrogen as a
temporary alloying element has become an important
issue for improving the hot workability of Ti600 alloy,
and many attempts have been made to achieve this
goal.[6,7,11–13]
Dynamic recrystallization (DRX) is an important
phenomenon for controlling the microstructure and
mechanical properties of metals under industrial hot
processing operations.[14] DRX is of great interest
because it significantly impacts the high-temperature
flow stress, microstructural evolution, and final proper-
ties of a material after processing. Determination of the
critical condition for the initiation of DRX is of
considerable importance in the modeling of industrial
hot working processes. The occurrence of DRX is
generally indicated by the appearance of a peak stress in
the stress–strain curve in a simulation of metal forming.
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However, DRX is actually initiated before the strain
that corresponds to the peak stress.[15] The critical strain
for the initiation of DRX could be determined by
metallography. However, this method requires extensive
sampling near the estimated critical strains under
different strain rates and deformation temperatures. In
order to solve such problem, relevant mathematical
relations for predicting the critical condition for the
initiation of DRX have been proposed by some
researchers. These relations are mainly obtained based
on the kinetics of static recrystallization[16] or the
dislocation density work hardening model,[17] and the
calculations needed are relatively complex. These rela-
tionships are, therefore, difficult to be used directly by
an industrial metallurgist without full comprehension of
the scientific background. Alternatively, Poliak and
Jonas[15,18,19] suggested identifying the initiation of
DRX phenomenologically from the inflection point in
the curve of strain-hardening rate vs flow stress. This
method requires little knowledge of the physical back-
ground of hot working processes and has an important
practical advantage that it is much easier to use than
other approaches. This phenomenological method has
found a variety of applications in the determination of
critical conditions for DRX of many kinds of materials
including steels,[20,21] and nickel,[15] titanium,[22] alumi-
num,[23] and magnesium[24] alloys. With regard to Ti600
titanium alloy after THT, however, there is no relevant
publication available that addresses identifying the
initiation of DRX, let alone a systematic investigation
on the effects of hydrogen on the critical conditions for
DRX.
This work aims to systematically investigate the
effects of hydrogen on the critical conditions for DRX
of a Ti600 titanium alloy during hot deformation. The
flow behavior and microstructural evolution of this alloy
with different hydrogen contents were analysed. The
critical stress and critical strain for the initiation of
DRX were determined based on the aforementioned
phenomenological method. The kinetics models of DRX
were developed, and the DRX volume fractions of Ti600
alloy were quantified under different hydrogen contents,
stains, strain rates, and temperatures.
II. EXPERIMENTAL PROCEDURE
A Ti600 titanium alloy was used in this investigation.
The chemical compositions (wt pct) of the alloy are 6
Al, 2.8 Sn, 4 Zr, 0.5 Mo, 0.4 Si, 0.1 Y, and the balance
was Ti. The b phase transition temperature of Ti600
alloy is about 1283 K (1010 C). Cylindrical specimens
with diameter of 8 mm and height of 15 mm were
prepared. The specimens were hydrogenated at 1023 K
(750 C) by holding in a pure hydrogen environment for
2 hours followed by air cooling to room temperature.
Specimens with various hydrogen contents in the range
of 0 to 0.5 wt pct were obtained by controlling the
hydrogen pressure, and the actual hydrogen content was
determined by weighing the specimen before and after
hydrogenation.
Hot compression tests were performed on a Gleeble-
1500D thermo-mechanical test simulator at tempera-
tures of 1033 K, 1073 K, 1113 K, and 1153 K (760 C,
800 C, 840 C, and 880 C) with strain rates of 0.01,
0.1, and 1 s1. All the hot deformation tests were carried
out in air. The formation of an oxidised film on the
specimen surface could prevent the escape of hydrogen
from the specimen during hot deformation tests.[3,25] In
order to minimise the friction and barrel development
during deformation, and to prevent bonding of the
specimens to the anvils, graphitic lubricant was applied
to the mating surfaces. Specimens were first heated to
the deformation temperatures at a rate of 10 C/s and
held for 3 minutes, and then compressed up to a
maximum height reduction of 50 pct (true strain is
about 0.7). After deformation, the specimens were
immediately quenched in water.
Metallographic specimenswere etchedwitha solutionof
‘‘2 pct HF+6 pct HNO3+92 pct H2O’’ (volume frac-
tion) for about 15 seconds and then examined by an
OLYMPUS DSX500 optical microscope (OM). Disk
samples with a diameter of 3 mm were used for transmis-
sion electron microscope (TEM) investigations. The TEM
samples were prepared by electro-polishing in an electro-
lyte of ‘‘6 vol pct HCLO4+34 vol pct C4H9OH+60
vol pct CH3OH’’ with operating temperatures of 233 K
to 238 K (40 C to35 C), voltages of 50 to 55 V, and
currents of 30 to 35 mA. TEM observations were carried
out on a TECNALG2 20 microscope operated at 200 kV.
III. RESULTS AND DISCUSSION
A. Analysis of Deformation-Induced Temperature
Change
Deformation heating can play an important role in hot
compression tests especially at lower deformation tem-
peratures and higher strain rates. To characterise the
effect of deformation on the adiabatic heating, the
dependences of both the pre-set and actual temperatures
on time in a complete hot deformation test of hydrogen-
free Ti600 alloy at the lowest deformation temperature of
1033 K (760 C) and highest strain rate of 1 s1 were
analysed. The pre-set temperature was pre-programmed,
and the actual temperature was determined by thermo-
couples welded on the tested specimen. The point ‘‘1’’ in
Figure 1(a) means the time (76 seconds) required for
reheating the specimen to 1033 K (760 C), and the
interval between points ‘‘1’’ and ‘‘2’’ indicates the holding
time (180 seconds). Immediately after point ‘‘2,’’ speci-
men starts to deform. It can be seen from Figure 1(a) that
no noticeable variation in temperature is observed before
compression deformation takes place. Figure 1(b) pre-
sents the change of temperature with the progress of time
from 256 to 256.8 seconds. It is clear that there is no
significant change in actual temperature before point ‘‘3’’
(the time when a strain of 0.61 is reached). After ‘‘3,’’
however, a sharp increase in actual temperature is
observed. Therefore, deformation does not induce signif-
icant change in actual temperature of the tested specimen
before strain of 0.61. The highest actual temperature
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determined at the time of 256.7 seconds (the time when a
strain of 0.7 is reached) is 1039.39 K (766.39 C), indi-
cating that only 279.39 K (6.39 C) is induced by defor-
mation when strain is increased from 0.61 to 0.7. After
256.7 seconds, both the pre-set and actual temperatures
decrease with the beginning of quenching. Based on
Figure 1(b), it can be concluded that adiabatic heating
effects in compression deformation can be discounted
since only a few degrees (£6.39 C) are induced at higher
strain levels (‡0.61).
B. Microstructural Characterisation Before Hot
Deformation
Figure 2 presents the microstructures of undeformed
Ti600 alloy with different hydrogen contents, in which
256.0 256.1 256.2 256.3 256.4 256.5 256.6 256.7 256.8
758
760
762
764
766
768
3
Actual
Pre-set
Time (s)
0 50 100 150 200 250 300
0
100
200
300
400
500
600
700
800
21
Actual
T
em
pe
ra
tu
re
 (
°C
)
T
em
pe
ra
tu
re
 (
°C
)
Time (s)
Pre-set
(a) (b)
Fig. 1—Dependences of pre-set and actual temperatures on time of hydrogen-free Ti600 alloy at deformation temperature of 1033 K (760 C)
and strain rate of 1 s1: (a) a complete hot deformation process, and (b) change of temperature with the progress of time.
Fig. 2—Microstructures of undeformed Ti600 alloy with different hydrogen contents: (a) 0H, (b) 0.1H, (c) 0.3H, and (d) 0.5H.
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0H, 0.1H, 0.3H, and 0.5H represent the specimens
containing 0, 0.1, 0.3, and 0.5 pct hydrogen, respec-
tively. The initial microstructure of the 0H specimen is
mainly composed of a phase (gray color), with a small
quantity of b phase (dark color) distributed dispersedly
in the matrix, as shown in Figure 2(a). After hydroge-
nation, the volume fraction of b phase has increased; the
higher the hydrogen content, the greater the volume
fraction of b phase is observed, as shown in Figures 2(b)
through (d). Hydrogenation in near-a and a titanium
alloys destabilises the low-temperature hexagonal close-
packed (HCP) a phase and stabilises the high-temper-
ature body-centred cubic (BCC) b phase. As a result, the
HCP a phase transforms partly into the BCC b phase
above the eutectoid temperature during hydrogenation
process, and the volume fraction of b phase is increased
as hydrogen is added.[1,6]
Figure 3 shows the TEM micrographs of undeformed
Ti600 alloy without and with 0.3 pct hydrogen. As
shown in Figures 3(a) and (b), silicide exists in the b
phase of Ti600 alloy without hydrogen addition. This
silicide has a hexagonal crystal structure (a  0.701 nm
and c  0.368 nm) and is identified as (TiZr)6Si3 with
the evidence that the atomic ratio of (Ti+Zr) to Si is
approximately equal to 2. Details of the identification of
silicides in Ti600 alloy and the evolution of silicides with
hydrogen could be found in our previous work.[26] After
0.3 pct hydrogen addition, d hydride is found in the
matrix, as shown in Figures 3(c) and (d). d hydride has a
face-centred cubic (FCC) crystal structure with lattice
content of a  0.444 nm. The chemical formula of d
hydride is TiHx with x in the range of 1.50-1.94. The d
hydride has a CaF2 type structure, in which titanium
atoms form the FCC structure and hydrogen atoms that
randomly occupy the tetrahedral interstitial sites.[27]
C. Effects of Hydrogen on Flow Behavior
Figure 4 shows the flow stress curves of the 0H, 0.1H,
0.3H, and 0.5H specimens under different deformation
conditions. It can be seen that the flow behavior of the
0H specimen is similar to those of the hydrogenated
specimens under the same deformation conditions. The
flow stress is sensitively dependent on the temperature
and strain rate. As shown in Figure 4, the flow stress
decreases with increasing the temperature at a given
strain rate. The higher the strain rate, the greater the
flow stress is observed. Moreover, all the flow stress
curves exhibit a dynamic softening characterisation after
a peak stress, indicating that DRX has occurred during
the hot deformation.[9,28]
Figure 5 shows the influence of hydrogen content on
the flow stress of Ti600 alloy deformed at 1073 K
(800 C) with different strain rates. It is clear that the
flow behavior of all the flow stress curves also exhibits a
DRX characterisation, i.e., all the curves show an initial
Fig. 3—TEM micrographs of undeformed Ti600 alloy with (a, b) 0.0 pct and (c, d) 0.3 pct hydrogen: (a) b phase, (b) EDS spectrum of silicide,
(c) d hydride, and (d) SAED pattern of d.
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increase in the flow stress with strain until a peak stress
beyond which a decreased flow stress is observed. In
addition, the flow stress decreases gradually with
increasing the hydrogen content from 0 to 0.3 pct, then
increases with the further increase of hydrogen content
to 0.5 pct. Therefore, when the hydrogen content is no
greater than a certain value, it can favor the decrease of
flow stress of Ti600 alloy.
The TEM micrographs of the 0H and 0.3H specimens
after deformation are illustrated in Figure 6. It can be
seen from Figures 6(a) and (b) that DRX grains exist in
both the deformed specimens. The corresponding SAED
patterns (Figures 6(c) and (d)) of the recrystallized
grains suggest HCP crystal structure which proves
DRX of a grains. As shown in Figures 6(e) and (f), a
large number of dislocations are found in the 0H
specimen relative to that in the 0.3H specimen, indicat-
ing that hydrogen has a positive effect on the enhance-
ment of dislocation mobility during hot deformation,
and thus a decreased dislocation density is expected in
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Fig. 4—Flow stress curves of the (a through c) 0H, (d through f) 0.1H, (g through i) 0.3H, and (j through l) 0.5H specimens under strain rates
of (a, d, g, j) 0.01 s1, (b, e, h, k) 0.1 s1, and (c, f, i, l) 1 s1.
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Fig. 5—Influence of hydrogen content on the flow behavior of Ti600 alloy deformed at 1073 K (800 C) with strain rates of (a) 0.01 s1, (b)
0.1 s1, and (c) 1 s1.
Fig. 6—TEM micrographs of the (a, c, e) 0H and (b, d, f) 0.3H specimens deformed at 1073 K (800 C) with strain rate of 0.1 s1: (a, b) DRX
grains, (c, d) SAED patterns, and (e, f) dislocations.
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the deformed matrix. The mechanism of hydrogen-
induced decreasing of flow stress and the effect of
hydrogen on the microstructural evolution of Ti600
alloy are detailed in our previous studies.[6,29]
Table I presents the values of rp (peak stress) and ep
(strain to peak stress) of all the tested specimens at
different temperatures and strain rates. It can be seen
that both rp and ep decrease with the increase of
temperature under a given strain rate, and increase with
the increase of strain rate under a given temperature.
The value of ep shows an increasing trend with rp under
a given temperature or strain rate. In addition, hydro-
genation in Ti600 alloy induces decreased rp and ep. As
indicated in Table I, both rp and ep decrease gradually
with hydrogen until minimum values are obtained at the
hydrogen content of 0.3 pct. Further increasing hydro-
gen content from 0.3 to 0.5 pct leads to a slight increase
in both values. Therefore, hydrogen affects not only the
peak stress but also the value of strain to peak stress of
Ti600 alloy during hot deformation.
D. Effects of Hydrogen on Critical Stress and Strain for
DRX
Typically, stress–strain curves such as that of Figure 7
can be obtained when DRX occurs at high temperature.
In Figure 7, rc is the critical stress for the initiation of
DRX, ec is the strain to rc, and rs is the steady state
stress. DRX is initiated at elevated temperature at some
critical stress rc attained at a critical strain ec. As a
softening phenomenon, DRX leads to a decrease with
the increase of strain until a steady state stress rs is
obtained. The stress, however, does not decrease imme-
diately after rc has been attained. The stress continu-
ously increases beyond rc until the softening due to the
progress of DRX balances the continuing strain hard-
ening of metals during hot deformation (Figure 7).
Poliak and Jonas[15] developed a model based on the
principles of irreversible thermodynamics for determining
the initiation of DRX. They found that the initiation of
DRX corresponds to an inflection in the h vs r curve,
and the minimum value of ð@h=@rÞ vs r curve could be
regarded as characterising the instant when DRX was
initiated. Here, h is the conventional strain-hardening
rate and is defined as h ¼ ð@r=@eÞ_e, and r and e are the
flow stress and strain, respectively. In the current work,
each flow stress curve was fitted and smoothed with a
seventh-order polynomial using the MATLAB R2012b
software before the calculations. The smoothing helped
eliminate the signal noise and fluctuations present in the
experimental curves, and, therefore, permit the differenti-
ation analysis being operated effectively.
The ð@h=@rÞ vs r curves of the 0H specimens with
different strain rates and temperatures are illustrated in
Figures 8(a) and (b), respectively. In the figure, the
minimum points of the ð@h=@rÞ curves are the critical
stresses, and the critical strains that correspond to these
critical stresses can be determined from the flow curves.
Under a given temperature, the critical stress shifts to a
Table I. Values of rp and ep of all the Tested Specimens at Different Temperatures and Strain Rates
Specimen
Temperature
[K(C)]
Strain Rate = 0.01 s1 Strain Rate = 0.1 s1 Strain Rate = 1 s1
rp (MPa) ep rp (MPa) ep rp (MPa) ep
0H 1033 (760) 456.869 0.178 517.973 0.238 555.417 0.275
1073 (800) 383.620 0.101 485.496 0.217 504.364 0.241
1113 (840) 298.258 0.056 421.714 0.208 464.054 0.224
1153 (880) 201.763 0.027 283.846 0.115 417.559 0.153
0.1H 1033 (760) 397.112 0.086 434.115 0.148 493.012 0.161
1073 (800) 352.410 0.077 397.726 0.125 478.817 0.147
1113 (840) 205.159 0.024 309.849 0.044 397.279 0.086
1153 (880) 101.998 0.022 124.776 0.023 198.054 0.023
0.3H 1033 (760) 253.757 0.029 313.360 0.040 351.302 0.041
1073 (800) 126.632 0.023 221.063 0.030 255.242 0.033
1113 (840) 98.088 0.022 137.596 0.026 177.829 0.026
1153 (880) 63.102 0.021 93.478 0.022 134.983 0.022
0.5H 1033 (760) 262.359 0.029 314.740 0.045 408.299 0.059
1073 (800) 162.122 0.023 268.558 0.039 340.763 0.044
1113 (840) 105.498 0.022 170.917 0.026 227.349 0.027
1153 (880) 82.344 0.021 127.260 0.023 207.127 0.025
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Fig. 7—Typical stress–strain curve with DRX occurs.
4938—VOLUME 45A, OCTOBER 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A
higher value as strain rate is increased, as shown in
Figure 8(a). Figure 8(b) indicates that temperature has a
negative effect on the value of critical stress: the higher
the temperature, the lower the critical stress is obtained.
Figure 9 shows the effects of hydrogen on the critical
stress of Ti600 alloy during hot deformation. It can be
seen that the critical stress decreases gradually with the
increase of hydrogen in the hydrogen range of 0 to
0.3 pct. When the hydrogen content is greater than
0.3 pct, however, hydrogen shows a positive effect on
the increase of the critical stress. The strains to the critical
stresses of the 0H, 0.1H, 0.3H, and 0.5H specimens are
obtained as 0.135, 0.104, 0.024, and 0.032, respectively,
from the relevant flow curves. The addition of proper
hydrogen (no greater than 0.3 pct) benefits the decrease of
the critical strain for the initiation of DRX.
DRX in titanium alloys occurs when a critical strain is
met.[22,30,31] This critical strain corresponds to a critical
dislocation density qc as the strain proceeds during hot
deformation process.[32] Once the dislocation density of a
grain reachesa critical value,DRXtakesplace.Thevalueof
qc depends on deformation conditions and can be deter-
mined from the energy changes in relation to the formation
of a nucleus on a pre-existing grain boundary as[33]
qc ¼
20ci _e
3blMs2
 1=3
½1
where ci is the grain boundary energy, _e is the macro-
scopic strain rate of grains aggregate, b is the Burger’s
vector, l is the dislocation mean free path, M is the grain
boundary mobility, and s is the dislocation line energy.
Previous studies have indicated that the addition of
some hydrogen in titanium alloys decreases the grain
boundary energy[34] and increases the grain boundary
sliding ability,[1,6] indicating that a decreased qc will be
obtained after hydrogen addition based on Eq. [1], and a
decreased critical strain that corresponds to the critical
dislocation density for the initiation of DRX is, there-
fore, obtained after hydrogen addition. The volume
fraction of b phase increases gradually with increasing
the hydrogen content. Since the solubility of hydrogen
in b phase is far more than that in a phase, large
numbers of hydrogen atoms will enter the interstitial
sites and function as a solution strengthening. As a
result, the diffusion of interstitial atoms will be retarded,
and the grain boundary mobility will be reduced at
relatively high hydrogen content (0.5 pct in this
work).[35] A slightly increased critical strain for the
initiation of DRX of the 0.5H specimen relative to that
of the 0.3H specimen is, therefore, expected due to the
increase of qc.
Figures 10(a) through (d) show the relationships
between rc and rp of the 0H, 0.1H, 0.3H, and 0.5H
specimens, respectively. As can be seen from Figure 10,
rc depends linearly on rp for all the specimens that with
and without hydrogen additions. The relationship
between rc and rp of the 0H, 0.1H, 0.3H, and 0.5H
specimens can be expressed, respectively, as
rc=rp ¼ 0:977, 0.988, 0.998, and 0.995 after linear
regressions.
Figure 11 presents the dependence of ec for the
initiation of DRX on ep. As shown in Figure 11(a),
the linear relationship between ec and ep of the 0H
specimen can be acquired as ec=ep ¼ 0:599, which agrees
well with other results (ec=ep ¼ 0:37 to 0.65) for near-a
high-temperature titanium alloys.[22,30] Similarly, the
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obtained values of ec=ep for the 0.1H, 0.3H, and 0.5H
specimens are 0.809, 0.975, and 0.880, respectively, as
shown in Figures 11(b) through (d). It is clear that the
ratio of ec to ep shows an increasing trend with hydrogen
when the hydrogen content is no greater than 0.3 pct,
beyond which a decreased ec=ep is caused. The distance
from ec to ep has been narrowed after proper hydrogen
addition (no greater than 0.3 pct). This result indicates
that hydrogen helps shorten the time required for
balancing the softening due to the progress of DRX
and the continuing strain hardening during hot defor-
mation of Ti600 alloy.
E. Effects of Hydrogen on DRX Kinetics
DRX is one of the most important softening mech-
anisms in deformed metals at elevated temperatures. In
general, DRX progresses in a sigmoidal manner with
respect to time. For a constant strain rate, time can be
replaced by strain, and the volume fraction of DRX (Xd)
can be described by an Avrami-type equation as[36]
Xd ¼ 1 exp k
e ec
ep
 n 
½2
where k and n are DRX parameters depending on
chemical compositions and hot deformation conditions.
In order to determine the values of k and n, Eq. [2]
can be rewritten as follows after taking double natural
logarithms on its both sides
ln ln
1
1 Xd
  
¼ ln kþ n ln e ec
ep
 
½3
The value of ep in Eq. [3] can be determined directly
from a flow curve, and ec can be obtained using the
aforementioned method proposed by Poliak and
Jonas.[15] The value of Xd under different deformation
conditions, however, is hard to be measured by exten-
sive quantitative microstructural analysis. To deter-
mine the volume fraction of DRX, the following
expression is employed in the current work[37]:
Xd ¼
rp  r
rp  rs
½4
Based on Eq. [4], the volume fraction of dynamic
recrystallized grains can be determined, and the values
of k and n can be obtained by combining Eqs. [3] and [4]
through further analysis of the true stress vs true strain
curves under different deformation conditions. In some
cases such as low deformation temperature and high
strain rate, incomplete DRX may occur, and it is hard to
acquire a steady stress directly from the flow stress curve
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since the stress beyond rp decreases gradually with
strain throughout the whole deformation process. In the
current work, the stress obtained at the maximum strain
of 0.7 is regarded as the steady stress rs.
Figure 12 shows the relationship between
ln½lnð1=ð1 XdÞÞ and ln½ðe ecÞ=ep under different
deformation conditions. It can be seen that
ln½lnð1=ð1 XdÞÞ depends linearly on ln½ðe ecÞ=ep
for all the tested specimens. The values of lnk and n
can, therefore, be determined, respectively, from the
intercept and slope of a regressed line. The calculated
values of k and n of the tested specimens after linear
analysis are presented in Table II. It can be seen that the
value of k decreases gradually with increasing the
hydrogen content. Differently, n decreases gradually
with hydrogen at first, then to a minimum value at the
hydrogen content of 0.3 pct, and finally it increases
when the hydrogen content is greater than 0.3 pct. In
Table II, the correlation coefficient R is a statistical
measure of how well the regression line approximates
the real data points. R is most often seen as a number
between 0 and 1. An R near 1 indicates that a regression
line fits the data well, while an R close to 0 indicates that
a regression line does not fit the data very well.
Based on Eq. [2] and Table II, the kinetics models of
DRX for Ti600 alloys with 0, 0.1, 0.3, and 0.5 pct
hydrogen contents can be well established as
Xd ¼ 1 exp 0:211
e ec
ep
 2:844" #
0Hh i ½5
Xd ¼ 1 exp 0:159
e ec
ep
 2:033" #
0:1Hh i ½6
Xd ¼ 1 exp 0:098
e ec
ep
 0:991" #
0:3Hh i ½7
Xd ¼ 1 exp 0:080
e ec
ep
 1:197" #
0:5Hh i: ½8
Figure 13 shows the calculated results based on the
kinetics model of DRX for Ti600 alloy without hydro-
gen. The volume fractions of DRX as functions of strain
at different deformation temperatures and strain rates
are shown in Figures 13(a) and (b), respectively. As
shown in Figure 13(a), the volume fraction of DRX
reaches a constant value of 1 as the strain increases, and
the strain required for the same amount of recrystallized
fraction increases with decreasing the deformation
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Fig. 11—Dependence of the critical strain for the initiation of DRX on strain to peak stress of the (a) 0H, (b) 0.1H, (c) 0.3H, and (d) 0.5H
specimens.
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temperature. Figure 13(b) indicates that strain rate has a
positive effect on the strain required for the same
amount of recrystallized fraction. At the strain rate of
0.01 s1, the volume fraction of DRX reaches 1 as the
strain increases up to 0.4. At the strain rates of 0.1 and
1 s1, however, the highest volume fractions of DRX
are observed, respectively, as 0.959 and 0.876 at the
maximum strain of 0.7, indicating that incomplete DRX
has occurred during the whole deformation process that
performed at 1073 K (800 C), when the strain rate is
greater than 0.01 s1, as shown in Figure 13(b).
Figure 14 shows the OM and TEM structures of the
0H specimen deformed at 1073 K (800 C) with a strain
rate of 0.01 s1. It can be seen from Figure 14(a) that
the equiaxed a grains exhibit a character of full dynamic
globularisation as compared to that without deforma-
tion (Figure 2(a)), indicating that DRX has completed
because dynamic globularisation is a type of DRX.[38]
McQueen et al.[39] found that DRX mainly occurred in
the a phase because it has lower stacking fault energy
due to its HCP crystal structure. Figure 14(b) presents a
more detailed observation of DRX grains, indicating
that complete DRX has been obtained after hot
deformation at 1073 K (800 C) with a strain rate of
0.01 s1. By comparing Figure 14(b) with Figure 6(a), it
is clear that the fraction of DRX grains has decreased
with increasing strain rate from 0.01 to 0.1 s1, which is
consistent with the result shown in Figure 13(b). When
the strain rate is increased from 0.01 to 0.1 s1, the time
for deformation is reduced from 70 to 7 second. Since
an incubation period is required for the nucleation of
dynamic recrystallized grains, such significant reduction
in deformation time will induce parts of DRX grains
non-nucleated.
Figure 15 illustrates the effects of hydrogen on the
volume fraction of DRX at 1153 K (880 C) with strain
rate of 0.01 s1 based on the developed kinetics models.
It is clear that the strain range from the initiation to the
completion of DRX increases gradually with hydrogen
in the hydrogen range of 0 to 0.3 pct, and a slightly
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Table II. Calculated Values of k and n for the Tested
Specimens
Specimen k n R
0H 0.211 2.844 0.972
0.1H 0.159 2.033 0.969
0.3H 0.098 0.991 0.979
0.5H 0.080 1.197 0.979
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decreased strain range is observed at the hydrogen
content of 0.5 pct relative to that of 0.3 pct. Complete
DRX can be obtained when 0.1 pct hydrogen is added.
When 0.3 and 0.5 pct hydrogen are added, however,
incomplete DRX has been caused given that the highest
volume fractions of DRX are obtained as 0.954 and
0.993, respectively, at the maximum strain of 0.7.
At elevated temperature, hydrogen in solution in
titanium alloys lowers the strength of dislocation inter-
actions with various obstacles, and thus makes disloca-
tion be activated and move easily.[1,6–8,29] It is more
difficult to reach a critical dislocation density for the
nucleation of a new DRX grain in the hydrogenated
specimens relative to that without hydrogen. For
completing the DRX process in the hydrogenated
specimens, a relatively large strain during hot deforma-
tion will be necessary in order to accumulate enough
dislocations to reach a critical value to initiate the
nucleation of a DRX grain. Therefore, the strain range
from the initiation to the completion of DRX increases
after hydrogen addition (Figure 15). When the hydro-
gen content is high (0.5 pct in this work), a short range
ordering will occur.[1,40] Although dislocation glide is
expected to destroy such ordering, it may be restored
continuously during deformation because of the high
mobility of hydrogen. Also, the diffusibility of intersti-
tial atoms and the grain boundary mobility will be
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Fig. 13—Calculated volume fraction of DRX for Ti600 alloy without hydrogen obtained under (a) strain rate of 0.01 s1 and (b) temperature of
1073 K (800 C).
Fig. 14—(a) OM and (b) TEM structures of the 0H specimen deformed at 1073 K (800 C) with strain rate of 0.01 s1.
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reduced due to the occupying of numerous hydrogen
atoms in the interstitial sites when the hydrogen content
is high. Moreover, alloying with hydrogen increases the
shear modulus of b phase, resulting in a decrease in the
density of thermally activatable dislocation sites and an
increase in the heights of the barriers to glide when the
hydrogen content is high.[41,42] These factors benefit
accumulating the dislocations during hot deformation
and are thought to be responsible for the decreased
strain range from the initiation to the completion of
DRX in the 0.5H specimen relative to that in the 0.3H
specimen, as shown in Figure 15.
Figure 16 shows the typical TEM micrographs of
DRX grains observed in both the 0.3H and 0.5H
specimens. It is clear that the addition of 0.5 pct
hydrogen seems more favorable for the occurrence of
DRX relative to that after 0.3 pct hydrogen addition
because higher volume fraction of DRX grains could be
obtained in the 0.5H specimen as compared to that in
the 0.3H specimen. Our previous study[6] has also
confirmed that the volume fraction of DRX grains in
Ti600 alloy with 0.5 pct hydrogen was greater than that
in Ti600 alloy with 0.3 pct hydrogen when they were
deformed at 1073 K (800 C) with a strain rate of
0.1 s1, which is in consistence with the result displayed
in Figure 15 that the volume fraction of DRX grains in
the 0.5H specimen is higher than that in the 0.3H
specimen after hot deformation.
IV. CONCLUSIONS
1. The flow stress decreases gradually with hydrogen
when the hydrogen content is no greater than
0.3 pct. All the flow curves exhibit a DRX charac-
terisation. The addition of hydrogen induces fewer
dislocations in the deformed matrix relative to that
without hydrogen.
2. The higher the peak stress, the larger the strain to
peak stress is obtained under a given temperature
or strain rate. Both the peak stress and the strain to
peak stress decrease gradually with hydrogen in the
hydrogen range of 0 to 0.3 pct, and they both
increase slightly when the hydrogen content is
greater than 0.3 pct.
3. The critical stress for the initiation of DRX
increases with increasing the strain rate. The higher
the temperature, the lower the critical stress for the
initiation of DRX is obtained. The addition of
proper hydrogen (no greater than 0.3 pct) benefits
decreasing both the critical stress and critical strain
for the initiation of DRX.
4. The critical stress and critical strain for the initia-
tion of DRX depend linearly on the peak stress and
the strain to peak stress, respectively. The relation-
ships obtained are rc=rp ¼ 0:977, 0.988, 0.998, and
0.995, and ec=ep ¼ 0:599, 0.809, 0.975, and 0.880 for
Ti600 alloy with 0, 0.1, 0.3, and 0.5 pct hydrogen,
respectively.
5. The strain required for the same amount of recrys-
tallized fraction increases with decreasing the defor-
mation temperature or increasing the strain rate.
The strain range from the initiation to the comple-
tion of DRX increases gradually with hydrogen in
the hydrogen range of 0 to 0.3 pct, and a slightly
decreased strain range is observed at the hydrogen
content of 0.5 pct relative to that of 0.3 pct. The
addition of large amounts of hydrogen (0.3 pct or
greater) in Ti600 alloy induces incomplete DRX
during hot deformation.
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